Isoprene is an important bulk chemical which is mostly derived from fossil fuels. It is used primarily for the production of synthetic rubber. Sustainable, biotechnologybased alternatives for the production of isoprene rely on the fermentation of sugars from food and feed crops, creating an ethical dilemma due to the competition for agricultural land. This issue could be addressed by developing new approaches based on the production of isoprene from abundant renewable waste streams. Here, we describe a proof-of-principle approach for the production of isoprene from cellulosic biomass, the most abundant polymer on earth. We engineered the mesophilic prokaryote Clostridium cellulolyticum, which can degrade cellulosic biomass, to utilize the resulting glucose monomers as a feedstock for the production of isoprene. This was achieved by integrating the poplar gene encoding isoprene synthase. The presence of the enzyme was confirmed by targeted proteomics, and the accumulation of isoprene was confirmed by GC-MS/MS. We have shown for the first time that engineered C. cellulolyticum can be used as a metabolic chassis for the sustainable production of isoprene.
| INTRODUC TI ON
Isoprene or 2-methyl-1,3-butadiene (C 5 H 8 ) is a volatile chemical used mainly for the production of synthetic rubber. There is a strong industrial demand for isoprene, with an annual production volume of up to one million tonnes (McCoy, 2008) . Most isoprene is still isolated as a by-product during the thermal cracking of oil or naphtha and the changeover to sustainable production from renewable sources has yet to be achieved. However, many plant species express the enzyme isoprene synthase (IspS) and up to 500 million tonnes of isoprene is released naturally by plants every year (Guenther et al., 2006) . IspS converts dimethylallyl diphosphate (DMAPP), which is synthesized together with its isomer isopentenyl diphosphate (IPP) via either the mevalonate (MVA) or 1-deoxy-D-xylulose 5-phosphate (MEP) pathways in all living organisms, into isoprene via an elimination reaction (Koksal, Zimmer, Schnitzler, & Christianson, 2010) .
The industrial production of volatile chemicals such as isoprene is difficult to achieve in plants, but the corresponding enzymes have been transferred to the bacterium Escherichia coli and yeast.
Escherichia coli cells expressing a heterologous IspS, isopentenyl diphosphate isomerase (Idi), and the MVA pathway produce up to 24 g of isoprene per liter of culture medium with glucose as the carbon source (Yang et al., 2016) . However, glucose is derived from food and feed crops, which means there is increasing competition between the food/feed and chemical industries for agricultural land and resources. Ideally, isoprene should be produced from a renewable waste stream such as cellulose, which is the most abundant polymer on earth.
To unlock the potential of this feedstock, we selected the mesophilic and strictly anaerobic bacterium Clostridium cellulolyticum (Petitdemange, Caillet, Giallo, & Gaudin, 1984) , which can break down cellulosic biomass to provide carbon and energy. We used this model microbe as a metabolic chassis for the expression of the poplar gene encoding IspS as an initial and crucial step toward isoprene production at industrial scale. The substrate DMAPP is supplied by the endogenous MEP pathway in C. cellulolyticum. A combination of targeted proteomics and GC-MS/MS was used to confirm the expression of active IspS and the accumulation of isoprene. This is the first demonstration of isoprene production by recombinant cellulolytic bacteria and lays the foundation for a sustainable isoprene production process based on lignocellulosic biomass.
| MATERIAL S AND ME THODS

| Cloning
For all experiments, we used the previously described shuttle plasmids pIM and pM9 (Gaida, Liedtke, Jentges, Engels, & Jennewein, 2016) . The Populus alba ispS gene (GenBank accession number: Q50L36) was modified to delete the first 51 codons and to introduce the mutation P494L. The sequence was then codon-optimized by ATG:biosynthetics GmbH (Germany) and cloned downstream of the C. acetobutylicum phosphotransbutyrylase (ptb) promoter (Tummala, Welker, & Papoutsakis, 1999) using the Gibson Assembly process (Gibson et al., 2009 ) with the following overlaps: forward 5′-GTACCGGTGGTGGCTCCGGTGATGACGACGACAAG-3′ and reverse 5′-GGCTTTGTTTAGCAGCCTAGGTATTAATCAATTAG-3′.
The E. coli BL21 (DE3) idi gene was cloned downstream of the thiolase promotor in the modified vector pSOS95 (GenBank accession number: AY18768) by restriction digest and ligation. The constructs were named pIM-repL::P ptb -ispS and pSOS95::P thl -Idi_Ec, respectively (Table 1) . We used E. coli NEB10B cells (New England Biolabs GmbH, Germany) for cloning.
| Cultivation and electroporation of Clostridium cellulolyticum and genomic integration
The C. cellulolyticum strain H10 (DSM 5812; DSMZ, Braunschweig, Germany) was cultivated essentially as previously described (Gaida et al., 2016) , but only 6 g/L of crystalline cellulose was provided as a carbon source. Following electroporation (Gaida et al., 2016) , genomic integration of the P ptb -ispS expression cassette was achieved by adding 0.5% xylose to induce the expression of Himar1 transposase under the control of a xylose-dependent promoter as previously described (Philipps, Vries, & Jennewein, 2019) . The resulting strain was named Cce(P ptb -ispS) ( Table 1) .
| GC-MS/MS and IspS activity assay
GC-MS/MS experiments were carried out using the TQ8030 system (Shimadzu) fitted with a headspace syringe (Gerstel) and ZB624 column (Phenomenex). We used toluene (0.001%, dissolved in acetone)
as an internal standard, and isoprene concentrations were determined against external standards. The 68 > 67 Da transition was used for quantification, assuming that 100% of the isoprene was found in the gas phase. Multiple reaction monitoring (MRM) was used to quantify substances with transitions of 68 > 67 and 67 > 41 Da for isoprene and a retention time of 2.2 min. The GC-MS/MS system was held at 40°C for 1 min, followed by a gradient of 40°C/min to reach a plateau at 200°C for 8 min. For the activity assay, cells were harvested after cultivation for 72 hr (early stationary phase) and were disrupted at 4°C with a sonicator (Hielscher). The quantity of total soluble protein was determined using a Bradford assay (Bio-Rad). Enzyme activity was determined by mixing 50 µg of total protein and 5 µg DMAPP with sufficient buffer (50 mM Tris-HCl, 10 mM MgCl 2 , pH 8) to reach a total volume of 500 µl in 10-ml headspace tubes. The headspace was sampled at 8 min intervals following the addition of DMAPP and 12 samples were taken in total, each in triplicate.
| Targeted proteomics
Targeted proteomics was carried out as previously described 
| RE SULTS AND D ISCUSS I ON
| Plasmid cloning, transformation, and genomic integration of Isoprene synthase
The ispS gene was inserted downstream of the ptb promoter using a to activate the transposase gene. This step eliminates the thiamphenicol resistance gene, and we confirmed that the clones were no longer able to grow in the presence of this antibiotic. This strain was named Cce(P ptb -ispS), and the integrity of one clone was confirmed by sequencing.
| Protein expression, isoprene synthesis, and in vitro IspS activity
The quantity of IspS protein was determined by targeted proteomics, with two MRM transitions and the correct retention time for each unique peptide taken as the minimum evidence for the presence of the target. The IspS peptide transitions were not detected in our control strain Cce(pM9) (Figure 1) . However, the transitions were observed in strains Cce(P ptb -ispS) and Cce(pIM-repL::P ptb -ispS),
confirming that IspS was present in both ( Figure 1) . The genetic difference between these strains was confirmed by testing for the plasmid backbone marker CatP, which was detected only in strain Cce(pIM-repL::P ptb -ispS). BSA was added to all crude extracts as an internal standard, and there were no significant variations between different strains.
To verify that IspS was expressed in its active form, we measured isoprene emissions after incubating batch cultures grown in headspace vials for 7 days on cellobiose (Figure 2a ) or 14 days on Two multiple reaction monitoring (MRM) transitions were summed for each peptide. The detection of both transitions and the correct retention time was the minimum evidence accepted for the presence of IspS. The chromatogram of the genomic integration strain Cce(P ptb -ispS) is shown in black, and is overlaid with the chromatograms of the episomal strains Cce(pIM-repL::P ptb -ispS) and Cce(pM9), which are shown with light gray dashes and gray dots, respectively. BSA was used as internal standard crystalline cellulose due to the slower growth (Figure 2b) . We detected higher isoprene levels for all recombinant strains compared to controls, and the cells growing on cellobiose produced up to 10-fold more isoprene than cells growing on crystalline cellulose. The combined proteomics, enzyme activity, and GC-MS/MS data provided strong evidence for the expression of an active IspS protein leading to the accumulation of isoprene, but the background levels of isoprene (≤10 µg/L) made it impossible to exclude the autocatalytic formation of isoprene from DMAPP in larger amounts in our recombinant strains. We therefore carried out in vitro enzyme tests to prove that IspS was responsible for the conversion of DMAPP to isoprene. We confirmed the DMAPP-dependent emission of isoprene from crude extracts of the recombinant strains expressing IspS, with the extract of strain Cce(pIM-repL::P ptb -ispS) revealing activity of 0.23 µmol/min. In contrast, the recombinant control strain carrying vector pM9 (Gaida et al., 2016) revealed no background activity within the chosen time frame (Figure 3) . Moreover, the addition of 5 µg IPP, which is an isomer of DMAPP but not a substrate for IspS, did not lead to any detectable activity during the experiment ( Figure 3) .
Overall, our combined results therefore provide strong experimental evidence for the stable expression of an active IspS in C. cellulolyticum. The plant enzyme is the central biological catalyst for isoprene production. Hence, its introduction into C. cellulolyticum is the initial and crucial step for the production of isoprene in industrial quantities. However, further steps will be necessary.
Usually, the heterologously expressed MVA pathway is used for the supply of DMAPP for isoprene production in bacteria (Yang et al., 2012) . Modern approaches try to integrate both pathways, the endogenous MEP and MVA pathway, to increase productivity (Yang et al., 2016) . Next to well-designed genetic constructs and proteomics, the analysis of pools of pathway intermediates will be equally important to identify the bottlenecks of isoprene production and to further evaluate C. cellulolyticum as a chassis for it.
Therefore, a holistic approach is required for future studies to determine the actual limits of the biological system C. cellulolyticum for industrial-scale production. Clostridia are often considered to be genetically difficult to access and to manipulate. Our experiments strongly indicate the stable expression of an active IspS.
Thus, C. cellulolyticum should be considered as a well-suited chassis for the expression of the central enzyme, the IspS from poplar, for isoprene production.
| CON CLUDING REMARK S
Our work has laid the foundation for the conversion of cellulosic biomass to isoprene using metabolically engineered strains of C. cellulolyticum. A major limitation that hinders engineering in this species is the lack of a convenient molecular toolbox therefore preventing the quick and successful development of robust industrial production strains. To our knowledge, the work described here is the first time that an active isoprene synthase has been expressed in cellulolytic bacteria, and we observed stable expression and activity during all of our experiments. Therefore, we strongly believe that C. cellulolyticum is a suitable chassis for the production of isoprene from waste streams. In contrast to other renewable sources (e.g., CO 2 , utilized by photosynthetic microorganisms) cellulosic biomass has a high energy density. Another significant advantage of C. cellulolyticum is that growth and isoprene production depend neither on light nor the availability of oxygen. Future work should focus on engineering the MEP and MVA pathways to increase the substrate pool for isoprene synthase, as well as optimizing the utilization of cellulosic biomass.
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